Surface irregularities on machined Pinus radiata weatherboards, visible as localised protrusions, were examined by field-emission scanning electron microscopy (FE-SEM) to understand the anatomical basis for the surface deformities present. The SEM observations confirmed that the location of protruded regions corresponded with raised grain. Raised grain is related to moisture content changes of wood after machining and this can cause problems in the acceptability of affected boards on buildings when the raised grain is visible as surface protrusions. A comparison of the SEM images obtained from sections cut sequentially from the same protruded regions prior to and after a brief (five seconds) dipping of the blocks in water suggested that the raised grain resulted from spring back of compressed earlywood tissues underlying the thin, tapered part of latewood bands.
INTRODUCTION
Machine-planed surfaces of solid wood products should have a uniform looking finish, because surface irregularities can impact negatively on the finish quality and service life performance of subsequently applied protective coatings (Williams et al. 2000) . Sub-optimal machining can result in surface defects. Raised grain is such a defect that results in localised surface areas rising above the original plane (Stewart 1980) , and is visible as ridges on planed flat-sawn surfaces. Raised grain can pose a problem in the utilisation of board products not only because such surfaces are aesthetically deficient and suffer customer rejection but also because adhesion of applied finishes is often compromised, and the surfaces have to be re-finished to overcome the problem (Williams et al. 2000) .The cause of raised grain has been linked to a number of factors, such as the quality and setting of planer knives, earlywood-latewood transition, and moisture content differentials between the time of machining and subsequent in-service performance. Dull planer knives or knives with reduced clearance angles can damage wood tissues due to crushing and compression (Jokerst & Stewart 1976; Stewart & Crist 1982; Murmanis et al. 1983; Hernández & de Moura 2002; Hernández & Rojas 2002; Singh et al. 2002) . It has been proposed that raised grain occurs when thin-walled earlywood tissues, which become severely compressed from dull or badly jointed planer knives, spring back over time as board moisture content rises, pushing up overlying latewood tissues (Wengert 1988) . The problem becomes more severe when machined boards are stored under high humidity conditions or finished with water-based coatings, which can accelerate the spring back of compressed earlywood tissues. However, there is lack of information on the microscopic characteristics of raised grain (Koehler 1932) , and the aim of our work was to understand the raised grain phenomenon using anatomical investigation.
MATERIALS AND METHODS
An enquiry from a local wood manufacturer into the cause of a defect in the flat-sawn surfaces of radiata pine (Pinus radiata) weatherboards, which appeared as localised protrusions or ridges, provided us with the opportunity to undertake detailed microscopic examination to determine whether the defect was linked to a condition known as raised grain. The boards supplied to us had been finished with a white acrylic paint, applied to the pith side of the planed flat-sawn faces, and it was these surfaces that were examined.
Digital photography of the painted raised grain areas was not easily done as the contrast of the raised grain areas to adjacent flat areas was poor. Images of raised grain, cross-lit with an incandescent light bulb above a board positioned in a near vertical orientation, were taken with a digital SLR camera (Canon EOS5D fitted with an EF 24-85 mm zoom lens). Camera settings were 6.7 MP Raw, 'Aperture priority', ISO 100 and White balance set to 3200K (tungsten).
An Altimet Altisurf ® 500 profile-ometer, with a 3 mm optical non-contact probe, was used for the surface testing to produce both topographical line and area scans in order to describe the surface roughness characteristics of the raised grain features. Line scans (90 mm) were collected across the grain. Area tests were conducted on a selected number of the areas. The sample area was 20 × 20 mm 2 with 10 µm spacing in x and y directions. Three-dimensional axonometric and photo-simulation images were also generated, but are not illustrated.
Various microscopic methods were initially used for imaging: light microscopy (LM), confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM). SEM proved most suitable for the following reasons. Raised grain occurs due to the pushing up of latewood tissues by the underlying compressed earlywood tissues as they spring back so it was important to examine the tissues in their original deformed state. This meant that the sections had to be dry-cut. For LM and CLSM it was not possible to dry-cut sections free of surface distortions with a sliding microtome as the wood blocks had to be soaked in or at least surface moistened with water, which caused considerable spring back of compressed tissues. However, thicker slices, relatively free of distortions and suitable for SEM work, could be dry-cut from the blocks using single edge razor blades. Therefore, the observations presented are based entirely on imaging with SEM and the methods described relate only to SEM preparations.
For SEM work, the regions of the boards displaying imperfections on the painted face as ridged areas (Fig. 1) were dissected out. These pieces were sub-divided into smaller blocks, approximating 50 × 7 × 2 mm (L × T × R). The blocks were dry-cut transversely to obtain approximately 2 mm thick sequential sections from one end using single edge razor blades. The same blocks were then wet-cut after dipping their dry-cut ends in water for five seconds, in order to illustrate the effect of moisture on the spring back of compressed tissues, and also to determine whether dry-cutting had caused any tissue distortion. Sections from a total of five raised grain areas from three different boards were examined. The sections from each board were closely matched as they were sequential sections from the same block, which was first dry-cut and then wet-cut. The illustrations presented are from two sections from the same protruded region in a block that were sequentially cut prior to and after dipping the block in water for five seconds.
The sections (wet-cut sections were air-dried) were mounted on carbon discs applied to metal stubs, coated with chromium in a sputter coater, and then examined with a JEOL 6700F field emission scanning electron microscope (FE-SEM) at a low operating voltage (3 kV). 
RESULTS AND DISCUSSION
Visually, the imperfections present in the board surface appeared as sporadic grayish streaks within a white surface ( Fig. 1 ), but were difficult to accurately capture with a digital camera. The streaks felt slightly raised to the touch. High resolution profileometer line scans of the board surfaces provided confirmation of the variability of the protrusions (raised features) (Fig. 2) . The height of the protrusions was about 150 µm, with a wide variability in the contours up to this height (Fig. 2) . Subsequent microscopic examination provided evidence that the protrusion of the surface was due to raised grain (Fig. 3) . The protrusions varied from being discrete narrow ridges (1-2 mm wide) to much wider deformities (Fig. 2) . Visual inspections of the surface and cross-cut ends of the boards indicated a close relationship between latewood bands and the raised grain areas.
The SEM examination of transversely cut sections from the protruded regions provided an insight into the anatomical features associated with raised grain. The observations presented have to be viewed with the following considerations in mind. First, as indicated in the Materials and Methods section, several protruded regions were viewed with the SEM to capture any variability in tissue characteristics that could explain the observed variability in the form of these regions, from discrete narrow to wider more flattened appearance. Second, dry-cutting of sections enabled the tissue micromorphology to be examined in its original state. Third, in order to allow a comparison between dry-and wet-cut sections, a five second dipping of samples in water was carried out, which enabled cleaner cuts needed to distinguish compression-induced changes from any artifacts that could arise from dry-cutting.
As can be seen on the transversely cut faces of the sections through a protrusion, the raised areas of the board surface corresponded to the regions where the exposed latewood band overlying the earlywood was tapered and relatively thin, consisting only of a few cell layers (Fig. 3, 4 & 7) . On the other hand, the flat areas of the board surface coincided with the regions where the exposed wood was earlywood and not latewood (Fig. 3, 5 & 7) . 3-6, which were prepared from the micrographs taken from the same dry-cut section, reveal the features important for understanding where and why raised grain occurred, based on tissue micromorphology and cell wall characteristics. A low magnification SEM image in Figure 3 shows the pattern of distribution of severely compressed earlywood tissues relative to the panel surface, which is covered with the paint film. This and other features of the compressed tissues have to be viewed taking into account the fact that some spring back in the compressed tissues would have occurred over time after machining of the panel. Nevertheless, the features related to compressioninduced deformation in earlywood tissues still present do form an important basis for understanding the mechanism underlying grain raising.
As indicated by the stippled line in Figure 3 , the depth (and therefore volume) of compressed tissues underlying the coating is least in the region of the exposed earlywood band, and greatest underlying the thin part of the tapered latewood band. The latewood-earlywood transition is fairly abrupt in this region ( Fig. 3 & 4) , with compressed earlywood tissues interfacing last-formed latewood layers, where the cell walls are thickest. The coating is also thinnest in this region as compared to the area where earlywood is exposed.
The micromorphology of compressed earlywood tissues is shown at higher magnification in Figures 4 and 5 , which correspond to the boxed regions A and B respectively in Figure 3 . The cells are greatly deformed and flattened in the radial direction. However, cell walls appear to be intact and not broken even in the most severely deformed cells (Fig. 4) . The latewood cells appear to be much less deformed, and the tapered extrem- Figure 6 . High magnification view of the boxed region in Figure 4 showing cell wall features of compressed earlywood cells. Cell walls are largely intact despite being severely deformed, and contain only small-size cracks in places (arrowheads). Arrows indicate the highly constricted regions of the cell lumen. The extremity of the latewood band is very thin, consisting only of one to two cell layers (asterisk). SEM micrograph. -Scale bar = 30 µm.
ity of the latewood band in Figure 4 is only a few cell layers thick. Figure 5 provides a comparison of the micromorphology and cell wall characteristics of compressed tissues with those of underlying uncompressed tissues within the same earlywood band. Compared to uncompressed earlywood cells, the lumens of deformed earlywood cells are greatly reduced in volume. Figure 6 , a magnified view of the boxed region in Figure 4 , shows cell wall features of the compressed earlywood tissue in greater detail. Despite severe deformation of cells and extensive buckling of cell walls, the cell walls appear to be largely intact. Small-size trans-wall cracks are present, penetrating only part way into the cell walls from the lumen side. Intra-wall fractures/delaminations are rare.
The SEM image in Figure 7 was taken from a sequential section, cut across the same protruded region that had been used to produce the images for Figures 3-6, but after dipping the dry-cut end of the block in water. It is apparent that only a brief watersoak (five seconds) of the block was sufficient to cause a significant spring back in the compressed earlywood tissues, judging by a more pronounced appearance of the surface protrusion, and less collapse of earlywood tissues in the region that showed severe collapse in the dry-cut section.
The correlative microscopy of sequential sections cut from a block prior to and after brief dipping in water revealed that the shape-recovery response of compressed cells to hydration was elastic. This suggests that compressed tissues had not undergone inelastic deformation and could spring back upon moisture uptake, as is likely to have occurred in the boards prior to painting.
Judging by the severity of compression of earlywood tissues and the volume of compressed tissues present, particularly the underlying latewood band, it appears that the boards examined in this study had been surfaced with dull planer knives or knives with a reduced clearance angle. The nature and severity of mechanical damages to tissues during surfacing of wood boards vary greatly depending upon wood anatomical characteristics, such as earlywood versus latewood, and the method of surfacing. The extent of shape recovery in tissues upon moisture uptake depends upon the nature and extent of cell wall damage and/or deformation (Yuhe & Muehl 1999; Blomberg et al. 2006) . During machining, sharp planer knives produce smoother surfaces, with only minor cracking of cell walls confined mainly to the outermost cell layers (Singh et al. 2002; Singh & Dawson 2004) . In contrast, abrasive planing or planing with dull or poorly jointed knives can cause a range of tissue damages, including compression of tissues (Stewart & Crist 1982; Murmanis et al. 1986; Singh et al. 2002; Hernández & Rojas 2002) .
The observations presented point to a mechanism of raised grain development that involves spring back of elastically compressed earlywood tissues underlying latewood, most pronounced in the region where the latewood band was thin due to tapering, as evidenced by the presence of the greatest volume of compressed earlywood tissues directly underneath the tapered part of the latewood band. The thicker part of the latewood band would have resisted compression to a greater extent than the thinner tapered region. Although compressed tissues were severely deformed and greatly flattened, cell walls contained only small-size cracks and were largely unbroken, which would explain why the compressed tissues could elastically spring back. Change in the moisture content of wood is considered a major factor that can result in machiningrelated surface defects (Stewart 1980) , such as raised grain. Judging by the greatly flattened geometrical forms still retained in the compressed earlywood tissues in the dry-cut section, it would appear that the spring back was slight, though of a magnitude sufficient to push up the overlying thin part of the latewood band, resulting in raised grain and consequent surface protrusion.
A useful extension of the work presented would be to undertake studies where raised grain can be experimentally induced under controlled conditions of humidity and surfacing of boards.
